Serrated adenoma (SA) is a relatively newly defined entity of colorectal neoplasm first characterized by Longacre and Fenoglio-Preiser in 1990. This lesion is characterized by a complicated serrated edge of crypts. In this study, we performed three-dimensional (3-D) reconstruction, including 3-D distribution patterns of Ki-67-positive cells and fractal dimension of SA, in order to evaluate the nature of the complicated architecture, including its possible morphogenesis. We studied nine colonoscopic polypectomy specimens including three SAs, three tubular adenomas (TAs), and three hyperplastic polyps (HPs). Sixty serial tissue sections per case were stained alternately with hematoxylin and eosin (H&E) and Ki-67 immunostain. Each serial image was then digitized for 3-D computer analysis and the distribution pattern of Ki-67-positive cells was evaluated. Ki-67-immunostained sections were also subjected to 2-D quantitative morphometric study. In addition, the fractal dimensions of images from H&E-stained sections were examined using a box-counting method. Results of the 3-D reconstruction study demonstrated that glandular budding and branching were more frequent in SA than in TA or HP. These findings were confirmed quantitatively by the results of fractal geometric analysis of these polyps (fractal dimension:1.34 ± ± ± ±0.08 for SA, 1.23 ± ± ± ±0.07 for TA, and 1.28 ± ± ± ±0.12 for HP). Ki-67-positive cells in HP were localized mainly in the bottom of crypts and those in TA were diffusely distributed, while Ki-67-positive cells in SA were mainly aggregated in the depressed sites of serrated epithelia. These findings were also confirmed quantitatively using 2-D morphometry. These distribution patterns of the proliferative zone of SA are considered to contribute to the formation of the characteristic serrated epithelia and the complicated morphological appearance of SA.
Benign colorectal epithelial polyps have been classified into two histological subtypes: hyperplastic polyp and adenoma. [1] [2] [3] [4] Hyperplastic polyp is characterized by a serrated epithelium with goblet cell hypertrophy without cytological or nuclear atypia, 5) whereas colorectal adenoma is composed of closely packed tubules containing incompletely differentiated columnar cells with thin pencil-shaped stratified nuclei.
2) Serrated adenoma (SA) is a relatively new morphological subtype of colorectal adenoma which was first reported by Longacre and FenoglioPreiser in 1990. 6) SA is associated with both the architectural features of a hyperplastic polyp and the cytologic features of an adenoma. However, Watanabe 7) from our department had reported the same lesion as "H-type" adenomatous polyp in the 1970's. The unique histological features of this lesion and its possible malignant potential have resulted in a recent increased awareness of SA among gastroenterologists and surgical pathologists. [8] [9] [10] However, morphological studies of this lesion, especially with relation to the formation of serrated epithelia and the differences from tubular adenoma (TA) or hyperplastic polyp (HP), have not been fully delineated. Therefore, in this study, we employed the following four different morphometric analyses in order to study the complicated morphological features of SA, and its possible morphogenesis. The purpose of this study was to clarify the structural characteristics of SA and to facilitate an understanding of its biological features. First, we reconstructed the 3-dimensional (3-D) structure of SA from serial 2-D tissue sections employing high-quality microtome knives and 3-D computer graphics software. 11, 12) Previous studies demonstrated that the proliferative zone in HP is confined to the lower two-thirds of the crypts, 13) and that in TA is either present in the upper third or scattered along the whole axis of the crypts and in the surface epithelium. 13, 14) However, the distribution pattern of the proliferative zone in SA has not been fully evaluated. Therefore, we then studied the Ki-67 distribution pattern using a 3-D reconstruction system. In addition, we examined the spatial distribution patterns of Ki-67-positive cells using 2-D morphometric analysis in SA.
Fractal geometry is a useful tool for evaluating the irregular and ordered shapes of many natural objects possessing a fractal structure.
15) The mathematical definition E-mail: iwabuchi@patholo2.med.tohoku.ac.jp of a fractal structure is an object which has a fractal dimension greater than its topological dimension, 15) but subjective identification of the property of scaling selfsimilarity (smaller copies of the complete object present within the bounds of the whole object) usually correlates with this definition. 16) Cross et al. 17) reported that colorectal polyps had a fractal structure and that the fractal dimension was significantly different among histopathologically different diagnostic categories, but, to date, the fractal dimension of SA has not been studied. Therefore, we examined the morphological complexity of SA quantitatively using this fractal dimension in our study.
MATERIALS AND METHODS
Tissue samples Three HPs (0.6, 0.6, 2.0 cm in diameter) ( Fig. 1 ), three TAs with low-grade dysplasia (0.8, 0.8, 1.0 cm in diameter) (Fig. 2) , and three SAs (0.7, 1.0, 1.7 cm in diameter) (Fig. 3) were examined for 3-D reconstruction. In this study, the criteria of SA were as follows: glandular lumen serration, the presence of goblet cell immaturity, upper zone mitosis, marked nuclear pseudostratification, and the absence of a thickened collagen seilles, France). Thin (3 µm) slices from paraffinembedded specimens were deparaffinized routinely. Autoclave treatment at 120°C for 5 min was then employed for antigen retrieval. After the slides had been kept for 1 h at room temperature, they were immersed in a solution of ethanol and 0.3% hydrogen peroxide for 30 min to block endogenous peroxidase activity. Sections were then washed three times (5 min each) with 0.01 mol/liter phosphate-buffered saline (PBS) and treated with 1% normal rabbit serum for 30 min at room temperature. After having been washed, the slides were incubated with primary antibodies for 18 h at 4°C in a humidified chamber. Optimal dilution was 1:50. A Histofine Kit (Nichirei Co., Tokyo) was used in the immunostaining. After washing, the slides were incubated for 30 min at room temperature with biotinylated rabbit anti-mouse immunoglobulin, washed again, and then incubated for 30 min with peroxidase-conjugated streptavidin. The final wash was followed by immersion of the slides for 3 to 5 min in a solution containing 3,3′-diaminobenzidine (0.06 mmol/liter) and hydrogen peroxide (2 mmol/liter), in Tris-HCl (0.05 mol/liter, buffered at pH 7.6). Sections were counterstained with 1% methyl green and mounted in a glycerol gelatin water-soluble medium. The negative control for immunostaining was PBS (0.01 mol/liter), or normal mouse IgG instead of the primary antibodies. Immunoreactivity was not observed in these tissue sections.
3-D reconstruction
Serial sections were submitted to computer-aided 3-D graphic reconstruction to visualize the structure of the crypts, as well as the distribution of Ki-67-positive cells and its relationship with the morphogenesis of SA. In the first of a set of serial sections, an area, including several crypts of the polyp in the H&E-stained section, was selected for reconstruction. Using a profile projector (model V-16C; Nikon, Tokyo), the area was projected onto a sheet of tracing paper at a magnification of ×200, and the contours of both the apical and basal membrane contained in the area were faithfully delineated. This procedure was repeated sequentially for every three sections. In addition, Ki-67 immunostaining was also performed every three sections. The images were directly captured through a digital CCD camera (ProgRes 3012 PPC, Kronton Electronic Co., Ltd., Encring, Germany) with a PRI-Macintosh interface board attached to an operating light microscope (Carl Zeiss Co., Ltd., Jena, Germany). Resolution was set at 998×774 pixels. The images were subsequently transferred to a Power Macintosh G3 personal computer and processed with Adobe Photoshop 3.0 J software (Adobe Systems, Inc., San Jose, California). The images were then color-printed and enlarged to A4 (29.6×21.0 cm) size using Pictorography 3000 (Fujix, Tokyo).
The serial pictures produced, as described above, were successively placed on a digitizer, and profiles were inputted into a 3-D reconstruction program (OZ95, 3D reconstruct system version 2.1, Rise Co., Sendai) by tracing with a cursor. On inputting the data, the contours of apical and basal membranes and Ki-67-positive cells were stored as separate files. When all the pictures had been inputted, the computer generated a 3-D picture. 2-D morphometry for analyzing the distribution pattern of Ki-67-positive cells 2-D morphometry of SA cases was conducted to confirm quantitatively that Ki-67-positive cells in SA aggregate in depressed sites of the serrated epithelium. We designed the following new method for the purpose.
Images of Ki-67-immunostained sections of SA at a magnification of ×100 were captured and then colorprinted and enlarged to A4 (29.6×21.0 cm) size, as described above. From the basal membrane to the apical membrane, we drew lines vertically at regular intervals on the basal membrane and measured the distance between the basal and apical membranes. Ki-67 positive and negative cells included on the line were then counted. We compared the frequency distribution between the two groups (Fig. 4) . Fractal geometric analysis The fractal dimension of the histological specimens was measured utilizing a boxcounting method, as described previously. 16, [18] [19] [20] Briefly, the objective shape is divided into square boxes with the size d. The number of boxes: N(d) covering the shape is counted. When d varied, the effective fractal dimension D was subsequently determined from the following relation:
A log-log graph is used to calculate the boxcounting fractal dimension. The fractal dimension D was obtained from the negative slope of the linear part of the log-log plot. The upper and lower parts of the log-log plot usually flatten and descend. The area, including several crypts of the polyp, in the H&E-stained section, was selected for fractal geometric analysis. Using a profile projector (model V-16C; Nikon), the area was projected onto a sheet of tracing paper at a magnification of ×200, and the contours of the apical membrane contained in that area were faithfully delineated. The pictures produced from this tracing were placed on a digitizer, and profiles were inputted into a fractal analysis program (Rise Co.) by tracing an outline of the picture with a cursor. When the pictures had been inputted, the fractal dimension was calculated. Statistical analysis Data for the frequency distribution of Ki-67-positive cells and negative cells in 2-D morphometry were analyzed by the Mann-Whitney U test. Data for the fractal dimension of each polyp were analyzed by the Kruskal-Wallis rank-sum test. The Bonferroni method was applied to test for the significance of simultaneous multiple comparisons. Statistical significance was defined as P≤0.05. Fig. 5 illustrates a representative 3-D view of HP. The light microscopic photograph corresponding to this 3-D computer-assisted illustration is shown in Fig. 1 . The contour of the apical membrane in HP appears serrate, but the structural complexity is hardly seen in 3-D examination. In addition, Ki-67-positive cells were localized mainly in the bottom of the crypts. Fig. 6 is a representative computer-assisted 3-D image of TA. The original light microscopic rendition of this 3-D image is shown in Fig. 2 . The contour of the apical membrane in TA was smooth, its structure was simple and branching, and glandular budding was not frequently seen. In addition, Ki-67-positive cells were diffusely distributed in the crypts. Fig. 7 illustrates a representative 3-D view of SA. The original light microscopic appearance is shown in Fig. 3 . The contour of the apical membrane in SA appears "serrate," as in HP. Branching and glandular budding are markedly detected in contrast to TA and HP. Ki-67-positive cells were localized mainly at branching points and depressed sites in the serrated epithelium.
RESULTS

3-D reconstruction
2-D morphometry for analyzing the distribution pattern of Ki-67-positive cells
In all three SA cases examined, Ki-67-positive cells were more frequently detected on shorter lines drawn between basal and apical membrane compared to Ki-67-negative cells in SA (P<0.0001; Fig. 8 ).
Fractal geometric analysis Linear segments were identified on log-log graphs in the range of 5-50 pixels. The gradients of these segments were considered as the fractal dimensions (Fig. 9) . The measured fractal dimension exceeded the topological dimension (one) in all specimens. Results of the fractal dimension in each polyp are summarized in Table I . The fractal dimensions for SA were significantly higher than that of HP (P=0.0021) or TA (P<0.0001). No significant differences were detected between HP and TA.
DISCUSSION
SA is a relatively newly established morphological entity of colorectal neoplasia. 6) Recently, its clinicopathological [8] [9] [10] and immunohistochemical 8, 10, 21) features, as well as genetic findings [22] [23] [24] have been reported. However, inconsistent results were obtained among these studies. For instance, the frequencies of p53 nuclear immunoreactivity, 10, 21, 24) or K-ras mutation [22] [23] [24] in SA were markedly different among these studies. However, one possible reason for these discrepancies is that histological criteria for SA may be different among laboratories, because the designation SA includes a wide spectrum of colonic lesions, from those similar to hyperplastic polyps to those similar to classical tubular adenoma. In addition, glandular luminal serration is one of the most marked character- istics of this polyp, but its detailed morphological characteristics are still unclear. Therefore, morphological analysis is required to resolve the difficulties in the assessment of these pathological lesions. We studied 3-D reconstruction models, as well as the distribution patterns for cell-cycle-related nuclear antigen, Ki-67. 25, 26) Quantitative analysis of Ki-67 distribution patterns utilizing 2-D morphometry, and fractal geometric analysis, which has frequently been used in the quantitative analysis of morphometric features, were also performed in assessing the structural characteristics of the pathological lesions investigated in this study.
The 3-D analysis of colorectal polyps in our present study clearly demonstrated distinct structural differences.
3-D reconstruction of SA revealed frequent branching and glandular budding, which is clearly complicated compared to that of HP and TA. Longacre and Fenoglio-Preiser 6) reported that surface mitotic activity, nuclear pseudostratification, and nuclear cytoplasmic ratios were greater in SA than in HP, but slightly less than in traditional adenoma. These results suggest that cytological or nuclear atypia in SA may place this lesion between HP and TA. However, the degree of structural complexity of SA has not been fully examined in previous studies on SA. The 3-D models in the present study suggest that the structural complexity is more pronounced in SA compared with HP and TA.
In addition, Ki-67 distribution patterns in SA also provided some clues to the complexity and glandular serration of SA. Our previous study demonstrated that the Ki-67-positive rate for SA (30.8%) was intermediate between that of HP (24.2%) and TA (39.5%).
10) Kang and colleagues 21) also reported a similar result. In the present study, the distribution patterns of Ki-67-positive cells seen in 3-D reconstruction models were markedly different among the polyps. Ki-67-positive cells in TA were diffusely distributed in the crypts and those in HP were localized mainly in the bottom of the crypts, while those in SA were localized predominantly in the depressed sites of serrate epithelia. This result has also been confirmed by 2-D The Bonferroni method was applied to assess the significance of simultaneous multiple comparisons.
P=0.0369 P=0.0002 Ki-67 positive cells.
morphometry. From these findings, we propose the following hypothesis on the formation of the serrated epithelia characteristic of SA. Proliferative cells in SA are considered to migrate towards not the surface of the crypt, but instead in abnormal directions. In other words, epithelia in the depressed sites in SA may grow not only along the axis of the crypt, but also perpendicularly to the axis (Fig.  10 ). Nakamura and colleagues 27) suggested a similar hypothesis. In this case, epithelial growth is considered to be more rapid than adjacent stromal growth in SA. This unequal proliferation rate between the epithelia and adjacent stroma is therefore considered to be involved in the formation of the complicated glandular serration observed in SA. In addition, the unequal rates of proliferation and apoptosis of the epithelia may also contribute to this phenomenon. Further investigations will be needed to clarify these hypotheses.
The structural complexity of SA was also confirmed quantitatively by the fractal dimension. For all diagnostic categories, the measured fractal dimension exceeded the topological dimension, so these polyps fulfill the mathematical definition of fractal structures, 15) which accords with their subjectively self-similar morphology. It is now widely accepted that the fractal dimension is a very useful morphometric discriminant. 28) Fractal geometric analysis has been applied in the analysis of neuronal dendritic arborizations, 29) vascular heterogeneity in the heart, 30) formation of human retinal blood vessels in the kidney, 31 ) the structure of the bronchial tree, 32, 33) and the distribution and quantification of arterial blood vessels in the kidney. 34, 35) Recently, in the field of pathology, fractal dimensions of the histological structure of colorectal polyps 17) and cell growth patterns in human malignant tumors 36) have been reported. Cross et al. 17) have suggested that the fractal dimension is a better way of quantitating polyp shape and is a useful morphometric discriminant among diagnostic categories. Our present study showed that SA also had a fractal structure and the fractal dimension of SA was significantly higher than those of HP and TA. Our findings have demonstrated by quantitative means the structural complexity of SA. Further studies are required to clarify the roles of these complexities in the pathophysiology of these lesions.
